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Abstract 

Introduction. When studying composite materials for construction purposes, it is needed to consider the mechanisms of 
formation of the structure and properties of modern concretes in the process of strength development. In studies of modern 
composite materials based on cement binder, there is no information about the development of structural defects and 
destruction of the material at the initial stages of strength development. This information can be obtained using X-ray 
computed tomography, a promising method of nondestructive testing of the state of the material. Therefore, the objective 
of this work was to study the formation and propagation of cracks in samples of fine-grained concrete with different 
fractional composition of sand due to natural processes of cement shrinkage, as well as the mechanics of destruction of 
samples of modified fine-grained concrete when applying a compressive load at the early stages of strength development. 
Materials and Methods. The study used fine-grained concrete mixtures of three compositions with different sand 
gradation. The tomography samples were made by placing fresh mixtures in polymer cylindrical containers. Tomography 
of the samples immediately after manufacture, as well as after 8 and 51 days, was performed in a YXLON Cheetah 
microfocus X-ray machine. The composition with two-fraction sand was modified by mechanical activation of the 
components, 20x20x20 mm cube samples were made. Further, compression tests were performed at the Instron 
installation after 3 and 7.5 hours, and then — tomography of the destroyed samples. 

Results. It was established that the destruction of contact zones depended on the ratio of the size of the fractions. In the 
presence of a bulk of coarse sand grains in concrete, the destruction of contact zones was more pronounced and had a 
main mode. When using fine or polyfraction sand, contact zones were destroyed locally and had a visually smaller area. 
The images of the destroyed modified sample, tested 3 hours after manufacturing, showed clear cracks and indents on the 
edges, which indicated the elastic-plastic nature of the destruction. In 7.5 hours, the edges of the sample upon destruction 
were covered with a network of small cracks; inside the sample there were also numerous cracks and microcracks, which 
indicated brittle fracture. Based on the obtained images of the deformed structure of modified concrete, the mechanism 
of transition from elastic-plastic destruction of the material to brittle one was clearly visible. 

Discussion and Conclusion. The studied dependences of the influence of the size of fine aggregate on the mechanisms 
of formation and propagation of structural defects contribute to the theory of the processes of destruction of fine-grained 
concretes. The results obtained prove the prospects of using X-ray computed tomography as a method of nondestructive 
testing of the internal structure of fine-grained concrete, including at the early stages of strength development. 
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AHHOTalna 

Beeoenue. pu u3sysenuu KOMMO3HIMOHHBIX MaTepHasIOB CTPOHTeIbHOTO Ha3HadeHHA AKTYAJIbHbIMH ABJIAIOTCA HCCJIe- 
JOBaHHA MeXaHH3MOB (POPMHPOBaHHA CTPYKTYPbI MH CBOMCTB COBPeMeHHBIX OeTOHOB B TIpowecce Habopa mpouHoctTu. B 
MCCI€HOBaHHAX COBPCMCHHBIX KOMIO3HIMOHHBIX MaTepHasIOB Ha ICMCHTHOM BKYLIEM OTCYTCTBYIOT CBEeCHHA O pa3- 
BHTHH JedeKTOB CTPyKTypbl HM pa3pyWIeHHH MaTepHasia Ha HauyaJIbHBIX cpoKax HaOopa MpounocTu. Takve cBeqeHHAa 
MO2%KHO TIOJIYIHTb C MOMOLIbIO PeEHTTCHOBCKOM KOMMbIOTepHO TOMOrpaPun — MepcieKTHBHOrO MeTOsa Hepa3pyliaro- 
Wero KOHTpOsIA COCTOAHHA MaTepnana. IlosTomy WesIbIO JaHHOM paoorTsl ABHJIOCb H3y4eHHe OOpa3z0BaHHA HM paciipoctpa- 
HeHHA TpelHH B OOpa3ljax MeIKO3ePpHUCTOTO OeTOHA C pa3JIMYHbIM ()pakKUMOHHbIM COCTaBOM IlecKa BCJICACTBHe ecTe- 
CTBeHHBIX IIpoleccoB ycayKH W€MCHTHOTO KaMHA, a TaKXKe MEXaHHKH pa3spylieHHa OOpa3slOB MOAMPUUMpOBaHHOTO MelI- 
KO3e€PpHUCTOrO OeTOHa IpH NPHIOKeHHU CKUMAIOUIeH Harpy3KH Ha paHHUX cpoKax HaOopa MpoyHOcTH. 

Mamepuaavi u memoooi. B uccneqoBaHvi MCHOb30BasIMCb MCJIKO3CPHHCTHIe O€ETOHHBIe CMeCH Tpex KOMMO3HUHH Cc 
pa3IM4HBIM rpaHyJIOMeTpH4ecKHM COCTaBOM TiecKa. OOpa3ubl Ia TOMOrpaduu OBLIN U3rOTOBJICHbI IyTeM MOMeLe- 
HUA CBEX%KHX CMeCel B NOJIMMepHble WHIMHApH4eckune KOHTelMHepbl. Tomorpadusa oOpa3yoB cpa3y Wocue H3roTOBIJIe- 
HHA, a Take Yepe3 8 u 51 cyTKH NpoBOAMIAaCh B MUKpOdoKycHOl peHTTeHOBCKON ycTaHoBKe YXLON Cheetah. Co- 
cTaB C ByX(pakKUMOHHBIM IeCKOM ObluI MOAMPULMpOBaH MexaHHyecKON aKTHBaLMel KOMIOHECHTOB, H3rOTOBJICHbI 
oOpa3ubI-KyOuKu 20X20*20 mo. Jlanee Ha yctranoske Instron mpoBeyeHbI MCIbITAaHHA Ha cxKaTHE Yepe3 3 u 7,5 4acoB 
MW 3aTe€M — TOMOrpadua pa3spyWIeHHBIxX OOpa3si{oB. 

Pe3yibmamot uccnedosanua. YcTaHOBNeHO, ITO paspylIeHHe KOHTAKTHBIX 30H 3ABHCHT OT OTHOMICHHA pasMepos (ppak- 
qui. B mpucyTcTBHH OoNbUIOTO KOUM4eCTBAa KPyMHbIX YaCTHL MWecka B Tele OeTOHa pa3pylieHHe KOHTAKTHBIX 30H Ooslee 
BbIPaxKeHO HM HMCCT MarHCTpasibHbIt xapaktep. [pv ucnoub30BaHHM MeJIKOLO HIM MOUMPpakUMOHHOTO TecKa KOHTAKT- 
HbI€ 30HBI pa3pyWlaloTcA JIOKaJIbHO HM MMEIOT BH3YaIbHO MeHbITyr0 Tomjayb. Ha w300paxKeHHAX pa3pyleHHOro MOJH- 
(uUMpoBaHHoOro OOpa3la, HCIIbITAHHOrO Yepe3 TPH Yaca MOC H3TOTOBJICHHA, MpOCIeKUBAaIOTCA YCTKMe TpelHHbI 
BBIKOJIbI Ha TpPaHAX, TO TOBOPHT OO yupyro-acTH4ecKOM xapaktTepe pa3pyuienua. Uepe3 7,5 uacos rpaHu oOpa3ia pu 
pa3pyLWIeHHH MOKpbIBaIOTCA CCTKOM MeJIKHX TPeLIHH, BHYTpH OOpa3ila TakxKe OOpa3syeTCA MHOXKECTBO TpeLHH H MUKpo- 
TPeLIMH, TO CBUCTEMbCTBYeT O XPyHKOM pa3pyweHuH. Ilo nomyyeHHbIM H300paKeHHAM JePOpMUpoBaHHON CTpyK- 
TYpbl MOAM@UUMpOBaHHOrO OeTOHA HarATHO POCMexKUBAaeTCA MCXaHH3M TlepexOa OT yIIpyro-IWlacTH4ecKOro pa3py- 
WeHHA MaTepHasia K XPylKOMy. 

O6cystcoenue u 3axmo4yenue. Visy4enHble 3aBMCHMOCTH BIMAHHA Pa3MePOB MCJIKOFO 3allOJIHHTesIA Ha MCXAaHH3MBI 00- 
pa30BaHHa HW paciipocTpaHeHua JeteKTOB CTPyYKTYPbI BHOCAT BKIa B TEOPHio IPOMeccoB paspyWIeHHA MeJIKO3CPHHCTHIX 
Oberouos. Ilomy4eHHble pe3yIbTaTbl JOKa3bIBalOT IePCMeKTHBHOCTb MIpHMeHeHHA PCHTTCHOBCKOM KOMIIBIOTepHOH TOMO- 
rpaun Kak MeTOjla Hepa3pyllalolero KOHTPOJIA BHYTPeHHel CTpyKTypbI MeJIKO3epHUCcTOrO OeTOHAa, B TOM 4NCIIe Ha 
paHHux cpokax Hadopa MpouHocTH. 


Ks04uesbie C10Ba: peHTTeHOBCKad KOMIIbIOTepHat TOMOTpaHA, MeJIKO3epHUCTBIM OeTOH, JePopMallHA, yipyro-mlacTH4eckoe 
pa3pylleHue, xpylkoe pa3spylleHHe 


Baarojapuoctu. ABtTopbl BbIpaxaroT OsarogapHocts Lnasesoti Mapuu Bragumuposue, Korat Anune J[Imutpuesue 
3a TOMO B MIpHrOTOBJICHHH OOpa3slOB KOMMO3MIMOHHBIX MaTepHasIOB JIA MpOBeAeHHA HCCIeOBaHH CTpyKTypbI Ha 
PCHTTeHOBCKOM KOMIIbIOTepHOM Tomorpade. 


Asia waTapopanna. ITy3arosa A.B., Mutpvesa M.A., Tosrmuer A.O., JletiiH B.H. Uccneqospanne mpoleccos 9BOONMU 
TeeKTOB CIPyKTYPbI MeIKO3CPHUCTHIX OCTOHOB MeTO{aMU KOMIbIOTepHoH ToMorpadun. Advanced Engineering Research 
(Rostov-on-Don). 2024;24(3):227—237. https://doi.org/10.23947/2687-1653-2024-24-3-227-237 


Introduction. X-ray computed tomography is a promising technique of nondestructive testing of the state of the 
material. In the concrete industry, tomography is suitable for determining the structure of concrete samples, microcracks, 
internal fractures, and studying the distribution of pores and aggregate particles. X-ray computed tomography provides 
the construction of a model of the microstructure of cement paste, allows us to study the development of cement hydration 
processes [1, 2], to make forecasts of the formation of mechanical characteristics and fracture conditions [3, 4]. Computed 
tomography is actively used for studying the average density and porosity of high-strength lightweight concretes [5], the 
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morphology of structural heat-insulating concrete [6], building a mesoscale 3D model of foamed concrete [7], 
investigating the formation and distribution of pores in lightweight concrete [8], analyzing the microstructural 
characteristics of concrete samples with various aggregates [9, 10], developing three-dimensional mesoscale models for 
constructing a finite element grid in modeling the structure of concrete [11, 12]. In comparison to standard 2D X-ray 
methods, the construction of 3D models of multicomponent concrete samples is promising for the study of the 
fundamental mechanisms of formation of the structure and properties of modern concretes. 

The most vulnerable area of fine-grained concrete under loading is the contact zone — the contact areas of cement 
stone and aggregates. When exposed to external loads, it is from these areas that the formation of microdefects and 
microcracks starts, whose development causes the defect formation at the macro level, which can lead to loss of bearing 
capacity and structural failure. The destruction of the contact zones occurs due to the difference in characteristics of the 
bordering components (Young's modulus, Poisson's ratio, thermal linear expansion coefficient, sizes of the contacting 
phases, microdefects on the interface of the phases) [13]. The X-ray computed tomography method is promising for 
studying the evolution of contact zones, including at the early stages of hydration. It provides studying the structure 
without destroying the sample directly during the hardening process. Contact zones, as a rule, have higher porosity and 
low strength, as a result of which cracks are formed in these zones [4]. The strength of the contact zones is also affected 
by the size of the aggregate. It has been established that homogeneous and more durable contact zones are formed in 
concretes with combined aggregates (coarse fraction and crushed) [14]. There are numerous modern studies on the 
formation of contact zones of cement stone with reinforcement [15], cracks in popcorn concrete [16], defects at the contact 
boundary of sand-cement mortar with a coarse aggregate [17]. However, along with this, the formation of contact zones 
in fine-grained concretes with different fineness and packing density of sand grains is poorly studied. In the modern 
scientific literature, there is no description of the effect of the size of a fine aggregate on the formation of contact zone 
defects in fine-grained concretes. Thus, the study of the formation of defects in the structure of fine-grained concrete 
containing sand of aggregate fractional make-up, to obtain a visual picture of crack propagation by X-ray computed 
tomography is urgent. 

To reduce the stresses that occur in the contact zones, microfillers, similar in their properties to cement stone, are used. 
These fillers, having an increased specific surface area, create additional contact zones between which the stresses arising 
from the hardening of the binder are redistributed. Hardening of the contact zones can be achieved through introducing 
mechanically activated components into the concrete mixture [13]. Mechanical activation of separate components 
contributes to the formation of a denser structure, the preservation of uniformity in composition, the development of initial 
strength due to the acceleration of the hydration reaction and the growth of crystallohydrates of cement stone, as well as 
the reduction in the setting time [18, 19]. The development of structural defects in fine-grained concretes modified by 
mechanical activation of components has also been poorly studied. Among modern scientific papers, there are very few 
works devoted to the study of crack propagation processes in the modified structure of fine-grained concretes at the initial 
stages of strength development. Therefore, the use of the computed tomography method to study the mechanics of 
destruction of samples of modified fine-grained concrete at the initial stages of hardening is important today. 

This work was aimed at studying the formation and propagation of cracks in samples of fine-grained concrete with 
different fractional make-up of sand due to natural processes of shrinkage of cement stone, as well as the mechanics of 
destruction of samples of modified fine-grained concrete when applying a compressive load at the early stages of strength 
development. 

Materials and Methods. In the research, to determine the defects of the contact zones of fine-grained concretes with 
different sand gradation, three samples of fine-grained concrete mixture of the following compositions were used: 

— composition No. 1: Portland cement Eurocem 500 super; CEM I 42.5 N (“Petersburg Cement” LLC); monofraction 
sand (fraction 0.63—0.315 mm); water. The ratio of the mixture components was 1:2.56:0.67; 

— composition No. 2: Portland cement Eurocem 500 super; CEM I 42.5 N (“Petersburg Cement” LLC); polyfraction 
construction sand according to GOST 8736-2014 with ISO=1.85; water. The ratio of the mixture components 
was 1:2.56:0.67; 

— composition No. 3: Portland cement Eurocem 500 super; CEM I 42.5 N (“Petersburg Cement” LLC); two-fraction 
sand (fraction 2.5—1.25 mm — 80% of the total mass of sand, fraction 0.63—0.315 mm — 20% of the total mass of sand; 
no intermediate fraction 1.25—0.63 mm); highly active metakaolin (white) (manufactured by CG “Sinergo”, Chelyabinsk 
region); microsilica; water. The ratio of the mixture components was 1:1.75:0.43:0.23:0.15:0.67. 

Freshly-mixed compositions of fine-grained concrete mix were placed in a polymer cylindrical container with a 
diameter of 8 mm and a length of about 70 mm. The diameter of the container was determined in accordance with the 
size of the initial components of fine-grained concrete of the previously mentioned compositions based on the conditions 
of representativeness [20], and representativeness of the volume under study. To track changes in the structure under 
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cement hydration and cement stone shrinkage, tomography of the samples was performed immediately after mixing the 
components and after 8 days of hardening. Samples at the age of 51 days were taken as the final result. 

In the study on the evolution of the crack formation mechanism during the destruction of samples under the action of 
an external compressive force, composition No. 3 with two-fraction sand, modified by mechanical activation of the 
cement and sand composition, was used. Mechanical activation of the components (cement and sand) was carried out 
using a high energy ball mill Retsch EMax. The components were crushed at a rotation speed of the apparatus bowls of 
750 rpm for 5 minutes. Cubic samples of 20x20x20 mm in size were made from concrete mortars, to which an external 
compressive load was applied after 3 and 7.5 hours. After applying the load, tomography of the destroyed samples was 
performed to trace the evolution of the fracture mode of the material. 

The structure of the concrete samples was studied using a YXLON Cheetah microfocus X-ray computed tomograph 
with Y. Cheetah configuration. The device specifications are shown in Table 1. 


Table 1 
YXLON Cheetah Tomograph Specifications 

Characteristic Value 
X-ray tube Open-type 
Operating voltage range, kV 25-160 
Operating current range, mA 0.1-1.0 
Maximum tube power, W 64 
Maximum tube power on target, W 15 
Detector tilt angle +70° (segment 140°) 
Magnification (geometric/maximum) 2000x/17500x 
Maximum sample dimensions, mm 800x500 
Time from sample loading to first image, sec <10 
Time for full tomography of the sample, sec 7 
Time for laminography of the sample, sec 20 
Overall dimensions, mm 1650x1400x1850 
Weight, kg 2,200 


From the perspective of micromechanics of composite materials, the assessment of effective characteristics can be 
introduced by sets of properties of a representative volume of the body under study. The test sample for tomography 
should correspond to a representative volume of material, which makes sense of the elementary macrovolume of a 
microinhomogeneous medium. 

During the experiment, after X-rays pass through the sample, a set of flat X-ray images with an uneven distribution 
of grayness in the images is obtained. This is due to the uneven absorption of X-rays by the components of the studied 
material — the presence of pores, defects, dense inclusions, etc. After reconstruction of 3D images of the sample, the 
grayness gradient is inverted relative to conventional X-ray images: the materials that are most transparent to X-rays, e.g., 
pores, correspond to black, and the densest material is white. The grayness density in full-color representation is 
considered in the range 0-255, where 0 corresponds to black, and 255 corresponds to white. This algorithm is used to 
determine the minimum size of features that could be differentiated as structural components of the sample under study: 
porosity, cement mortar, and aggregate in volume. Further, using this grayscale, highlighting certain numerical ranges, it 
is possible to analyze a separate internal structure, distribution of components and porosity [21]. 

The shooting parameters for all the studied samples remained constant: voltage — 85 kW; current — 45 pA; 
approximation — 8.9; scanning angle — 360°. The survey results represent 1,024 consecutive images of the internal 
structure of the samples. Further processing of the resulting array of two-dimensional images took place in the “Volume 
Graphics Studio” program. To improve the visualization of inclusions, editing layered images by brightness and contrast 
levels was performed. The result of the tomography was a 3D model of the sample and its three projections with the 
possibility of studying the internal structure in any section. 
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Research Results. Images of the internal structure of samples of composition No. 1 with monofraction sand (fraction 
0.63—0.315 mm) at the age of 0, 8, and 51 days obtained by X-ray tomography are shown in Figure 1. The darkest areas 
in the images have the lowest density, in this case, the pores. The hardest particles correspond to the lightest areas. 


Sas y 


2mm 2mm a 2 mM 


Fig. 1. Internal structure of sample No. 1 (monofraction sand): a, d— immediately after preparation; 
b, f— at the age of 8 days; c, f— at the age of 51 days 


The images of the internal structure of the sample of composition No. 1 with monofraction sand showed no changes 
in the contact zones immediately after mixing. By the 8th and 51st days of hardening, dark stripes were visible around 
separate sand grains (indicated by red arrows), corresponding to voids that were formed due to shrinkage of the cement 
stone. Moreover, with the increasing age of concrete, such voids around the sand grains visually became more numerous. 
Enlarged images of separate fractured voids are shown in Figure 2. 
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Fig. 2. Enlarged fragments of Figure 1: a — fragment 1; b — fragment 2; c — fragment 3; d — fragment 4 
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In fragments 3 and 4 corresponding to sample No. | at the age of 51 days, the mode of the manifestation of defects in 
the contact zones around sand particles was most pronounced. This was confirmed by the fact that by 51 days, the process 
of shrinkage of cement stone was almost complete, whereas at the age of 8 days, the shrinkage was in the active phase. 

Images of the internal structure of samples of composition No. 2 with polyfraction sand at the age of 0, 8 and 51 days 
are shown in Figure 3. Separate enlarged fragments are shown in Figure 4. 


2mm 


Fig. 3. Internal structure of sample No. 2 (polyfraction sand): a, d — immediately after preparation; 
b, e —at the age of 8 days; c, f— at the age of 51 days 


Fig. 4. Enlarged fragments of Figure 3: 
a — fragment 1; b — fragment 2; c — fragment 3 
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The development of defects in the contact zones of samples of composition No. 2 with a polyfraction aggregate, as in 
composition No. | with a monofraction aggregate, manifested itself by the 8th day of hardening, the number of defective 
areas increased by the 51st day. It can be noted that the destruction of contact zones around individual large sand particles 
is not observed. 

Images of the internal structure of samples of composition No. 3 with two-fraction sand (fractions 2.5—1.25 mm and 
0.63—-0.315 mm, no intermediate fraction) at the age of 0, 8, and 51 days are shown in Figure 5. 


2mm 


2mm 


Fig. 5. Internal structure of sample No. 3 (two-fraction sand): a, d — immediately after preparation; 
b, e —at the age of 8 days; c, f— at the age of 51 days 


In the images of the internal structure of the samples containing two fractions of sand, at the age of 8 and 
51 days, a clear formation of cracks around large grains of sand was observed, and the main mode of the crack formation 
was traced when the cracks were connected to each other (Fig. 6). 
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Fig. 6. Enlarged fragments of Figure 5: 
a — fragment 1; b — fragment 2; c — fragment 3 
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The formation of main cracks near coarse sand grains indicated that the contact zones around coarse aggregate 
particles were most stressed and susceptible to destruction during the shrinkage of the cement stone. 

Based on the obtained images of the internal structure of samples with different sand sizes, it can be concluded that 
the development of contact zone defects due to shrinkage of the cement stone depends on the ratio of fraction sizes. In 
samples with mono- and polyfraction sand, the defective structure develops locally, the area of such defects is visually 
much smaller than in samples with two fractions of different sizes. In the presence of a coarse fraction of sand with a 
high-volume concentration, defects in contact zones develop near coarse grains and have the main mode. 

Cube samples of composition No. 3 with two-fraction sand, modified by mechanical activation of individual 
components, were subjected to the application of external compressive load at the age of 3 and 7.5 hours after preparation. 
Images of the deformed internal structure of the samples are shown in Figure 7. 


Fig. 7. Images of the internal structure of modified samples: a — frontal section at the age of 3 hours; 
b — frontal section at the age of 7.5 hours; c — horizontal section at the age of 3 hours; 
d — horizontal section at the age of 7.5 hours 


The images showed the evolution of hardening concrete samples from elastic-plastic to brittle fracture. The samples 
tested 3 hours after production had an elastic-plastic fracture pattern, with clear cracks and chips on the sample edges. At 
the age of 7.5 hours, the sample edges were covered with a network of small cracks during fracture, and there were also 
numerous cracks and microcracks inside the sample, indicating brittle fracture. 

Discussion and Conclusion. Thus, by means of mechanical tests and X-ray computed tomography, it is possible to 
track the processes of destruction in the structure of fine-grained concrete. The results obtained give rise to a new complex 
method for assessing the structural characteristics of modified fine-grained concrete at all stages of strength development. 
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It has been established that the destruction of contact zones depends on the ratio of fraction sizes. In the bulk of coarse 
sand particles in the body of concrete, the destruction of contact zones is more pronounced and has the main mode. When 
using fine or polyfraction sand, contact zones are destroyed locally and have a visually smaller area. This indicates that 
contact zones near coarse aggregate particles are most stressed and are primarily subject to destruction under the shrinkage 
of cement stone. 

The studied dependences of the influence of the fine aggregate sizes on the mechanisms of formation and propagation 
of structural defects contribute to the theory of destruction processes of fine-grained concrete. The results obtained prove 
the prospects of using X-ray computed tomography as a method of non-destructive testing of the internal structure of 
fine-grained concrete, including at the early stages of strength development. Computer tomography, along with traditional 
methods of investigation of the structure and properties of building materials, gives rise to a new complex method that 
provides studying modern multicomponent concretes at all stages of strength development, the mechanisms of formation 
and propagation of structural defects due to natural processes of changing the state of the material and under various 
external loading conditions. 
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